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Abstract 

Ni-Cu  alloy -based  anodes,  Nii_xCu*  (x  =  0,  0.05,  0.2,  0.3)-Ce0.8Sm0.2Oi  9  (SDC),  were  developed  for  direct  utilization  of  biomass-produced 
gas  in  low-temperature  solid  oxide  fuel  cells  (LT-SOFCs)  with  thin  film  Ceo.9Gdo.1O1.95  electrolytes.  The  alloys  were  formed  by  in  situ  reduction 
of  Nii_xCuxOv  composites  synthesized  using  a  glycine-nitrate  technique.  The  electrolyte  films  were  fabricated  with  a  co-pressing  and  co-firing 
technique.  Electrochemical  performance  of  the  Nq^Cu^-SDC  anode  supported  cells  was  investigated  at  600  °C  when  humidified  (3%  H20) 
biomass-produced  gas  (BPG)  was  used  as  the  fuel  and  stationary  air  as  the  oxidant.  With  Ni-Cu  alloys  as  anodes,  carbon  deposition  was  substantially 
suppressed  and  electrochemical  performance  of  the  cells  was  sustained  for  much  longer  periods  of  time.  For  example,  the  power  export  of  a  Ni-SDC 
supported  cell  was  only  50%  of  the  initial  value  (200  mW  cm-2  at  0.5  V)  after  20  min,  while  Nio.8Cuo.2-SDC  supported  cells  could  maintain  90% 
of  the  initial  power  density  (250  mW  cm-2  at  0.5  V)  over  a  period  of  10  h.  The  improved  performance  of  the  Ni-Cu  alloy-based  anodes  is  worth 
considering  in  developing  SOFCs  fueled  directly  with  dilute  hydrocarbons  such  as  gases  derived  from  biomass. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Biomass  offers  the  largest  global  exploitation  potential 
among  different  renewable  energy  sources.  Biomass-produced 
gas  (BPG,  or  gases  derived  from  biomass)  comes  from  gasi¬ 
fication,  pyrolysis,  or  anaerobic  digestion  of  biomass.  It  is  a 
complex  mixture  composed  mainly  of  hydrogen,  methane,  car¬ 
bon  monoxide,  carbon  dioxide  and  nitrogen  [1].  Due  to  the 
fact  that  O2-  anions  are  the  species  transported  through  elec¬ 
trolyte  membranes,  solid  oxide  fuel  cells  (SOFCs)  could  be  an 
appropriately  safe,  quiet  and  high  efficient  conversion  technol¬ 
ogy  for  BPG.  Consequently,  operation  of  SOFCs  with  BPG  as 
the  fuel  has  been  an  active  research  area  in  recent  years.  A  gen¬ 
eral  problem  associated  with  such  fuel  cells  is  the  complex  fuel 
composition,  depending  on  both  biomass  resources  and  BPG 
production  technologies.  Some  gases  contain  a  large  fraction  of 
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CO2  or  a  low  level  of  hydrocarbons.  These  compositions  might 
be  in  the  region  where  carbon  deposition  is  thermodynamically 
prohibited.  Such  BPG  can  be  fed  directly  to  SOFCs  with  conven¬ 
tional  nickel-based  anodes  in  which  nickel  provides  electronic 
conductivity  and  catalytic  activity  [2,3].  For  other  compositions 
that  have  high  loading  of  hydrocarbons  (mainly  CH4),  carbon 
deposition  can  be  an  important  issue  when  the  gases  are  sup¬ 
plied  directly  to  the  nickel-based  anodes  since  nickel  is  also  very 
active  for  catalytic  dehydrogenation  of  hydrocarbons.  In  order  to 
avoid  carbon  deposition,  reforming  is  proposed  for  these  gases 
[4,5] .  Reforming  is  critical  when  coke  is  formed  on  the  Ni-based 
anodes  using  concentrated  hydrocarbon  fuels  such  as  nature  gas 
or  gasoline.  However,  the  concentration  of  hydrocarbons  in  BPG 
is  low  since  they  are  diluted  with  CO,  CO2  and  N2.  Therefore, 
it  is  reasonable  to  assume  that  carbon  deposition  with  BPG  is 
moderate,  at  least  not  as  severe  as  that  with  natural  gas.  If  this 
moderate  coke  formation  can  be  further  catalytically  minimized 
and/or  removed,  it  is  possible  to  feed  BPG  directly  into  SOFCs 
without  reforming  although  the  composition  is  thermodynami¬ 
cally  favorable  for  carbon  formation.  Here  we  report  our  efforts 
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to  minimize  carbon  deposition  by  alloying  Ni  with  Cu  since  Cu 
is  a  poor  catalyst  for  C-C  bond  formation.  While  it  is  possible  to 
minimize  carbon  deposition  by  using  Ni-Cu  alloys  as  anodes  for 
direct  BPG  SOFCs,  it  is  also  expected  that  these  Ni-rich  alloy- 
based  anodes  could  maintain  high  catalytic  activity  comparable 
to  that  of  conventional  Ni-based  anodes. 

In  this  work,  the  alloys  were  formed  by  in  situ  reduction 
of  NiO-CuO  composites  prepared  by  a  glycine  nitrate  process. 
The  alloy-based  anodes  were  characterized  at  600  °C  in  low- 
temperature  SOFCs  fueled  with  BPG  produced  by  gasification 
of  rice  husk  [6].  The  composition  is  CO  (23.5%),  CO2  (14.3%), 
H2  (15.7%),  CH4  (6.2%),  and  N2  (40.3%).  This  composition 
is  in  the  region  where  carbon  deposition  is  thermodynamically 
preferred  below  700  °C  according  to  the  C-H-0  phase  diagram 
reported  by  Eguchi  et  al.  [7]. 

2.  Experimental 

The  cells  studied  in  this  work  consisted  of  Nii_xCux  (v  =  0, 
0.05,  0.2,  0.3)— Ceo.8Smo.2O1  9  (SDC)  anodes,  Ceo.9Gdo.1O1  95 
(GDC)  electrolytes  and  Smo.sSro.sCoC^  (SSC)-SDC  cath¬ 
odes.  Oxide  powders  for  fuel  cell  components  including 
Nii_xCuxOv,  SDC,  GDC  and  SSC  were  prepared  using 
a  glycine-nitrate  combustion  method  [8]  with  nitrate  pre¬ 
cursors  of  Ni(N03)2,  Cu(N03)2,  Co(N03)2,  Sm(N03)3, 
(NH4)2Ce(N03)6,  Gd(N03)3,  and  Sr(N03)2.  Stoichiometric 
amounts  of  nitrates  were  dissolved  in  distilled  water  to  form  a 
precursor  solution.  Glycine  (NH2-CH2-COOH)  was  then  added 
to  the  solution.  The  molar  ratio  of  glycine  to  nitrate  was  1:2. 
The  solution  was  subsequently  heated  on  a  hot  plate  until  it 
was  ignited,  producing  a  metal-oxide  ‘ash’.  The  ash  was  then 
heated  at  a  temperature  above  600  °C  to  remove  possible  carbon 
residues  and  to  form  a  well-crystalline  oxide  powder. 

Anode  supported  cells  with  GDC  as  electrolytes  were  pre¬ 
pared  using  a  co-pressing  and  co-firing  technique  [9].  Anode 
powders  consisted  of  Nii_xCuxOy  (x  =  0, 0.05, 0.2, 0.3)  and  SDC 
(the  volume  ratio  of  the  reduced  metal  was  50%)  were  prepared 
by  mixing  and  grinding  the  metal  oxides  and  SDC  with  an  agate 
mortar  and  pestle.  To  fabricate  a  single  cell,  Nii_xCuxOv-SDC 
anode  powder  was  first  pressed  as  a  substrate.  GDC  powder  was 
then  added  onto  the  substrate  and  co-pressed  again  at  280  MPa  to 
form  a  bilayer.  The  bilayer  was  subsequently  co-fired  at  1000  °C 
for  2h.  A  slurry  consisting  of  SSC-SDC  (30  wt.%  SDC)  and  a 
binder  was  then  screen-printed  onto  the  electrolyte  surface  and 
then  fired  at  950  °C  in  air  for  2  h  to  form  a  porous  cathode.  The 
cathode  fabricating  process  was  kept  as  consistent  as  possible 
so  that  the  cathodic  polarization  resistance  was  the  same. 

In  order  to  estimate  the  cell  performance,  single  cells  were 
sealed  in  alumina  tubes  with  silver  paste  [9] .  The  paste  was  sand¬ 
wiched  between  the  surfaces  of  the  alumina  tube  and  the  anode. 
Care  was  taken  to  ensure  that  no  paste  was  put  on  the  active  area 
of  the  anode  to  avoid  the  possible  catalytic  contribution  of  silver. 
The  metal  oxides  in  anode  layers  were  reduced  to  metal  Ni  or 
Cu  in  situ  with  H2  at  600  °C  before  the  electrochemical  mea¬ 
surements.  Electrochemical  characterizations  were  performed 
at  600  °C.  Humidified  (3%  H2O)  hydrogen  or  BPG  was  used  as 
the  fuel  and  stationary  air  as  the  oxidant.  A  Zahner  IM6e  electro¬ 


chemical  workstation  was  used  to  characterize  the  single  cells. 
The  fuel  cell  performance  based  on  the  linear  I-V  curve  was 
measured  in  the  galvanostatic  mode.  The  measurement  was  con¬ 
ducted  after  each  testing  condition  (temperature  and  fuel  change) 
was  held  for  more  than  30  min.  ac  impedance  was  also  measured 
under  open  circuit  conditions  in  the  frequency  range  from  0. 1  Hz 
to  1  MHz  with  5  mV  as  the  excitation  ac  amplitude.  The  stabil¬ 
ities  were  obtained  in  the  potentiostatic  mode  at  a  voltage  of 
0.5  V. 

After  reducing  the  bimetal  oxide  and  NiO  powders  in  H2 
at  600  °C,  the  alloy  and  Ni  metal  phases  were  determined  by 
powder  X-ray  diffraction  (XRD)  with  a  Philips  X’pert  PRO  S 
diffractometer.  After  the  cell  performance  measurements,  the 
microstructures  of  the  anodes  were  revealed  by  scanning  elec¬ 
tron  microscope  (SEM)  using  a  FEI XL30  Environmental  scan¬ 
ning  electron  microscope. 

3.  Result  and  discussion 

Shown  in  Fig.  la  is  the  XRD  pattern  with  20  from  40  to  55° 
for  Nii_xC%  (x  =  0,  0.05,  0.2,  0.3)  metals  as  obtained  by  reduc- 
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Fig.  1 .  XRD  pattern  of  Ni-Cu  bimetals  prepared  by  reduction  of  (a)  Ni  1  _vCuAOv 
composites  and  (b)  Nio.7Cuo.30v-SDC. 
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Fig.  2.  SEM  micrographs  for  the  cross-sectional  view  of  a  fresh  fuel  cell. 

in g  the  Nii-^Cu^Oy  composites.  Diffraction  data  of  pure  Cu 
is  also  shown  in  the  figure  with  dotted  lines  (JCPDS03-1005). 
It  is  clear  that  the  diffraction  characteristics  corresponding  to 
Cu  are  not  observable,  implying  the  formation  of  only  Ni-Cu 
alloys  on  reducing  the  Nii-^Cu^Oy  composites.  The  diffraction 
peaks  of  these  alloys  match  the  (111)  and  (2  00)  character¬ 
istics  of  fee  structure  Ni.  However,  the  FCC  peaks  shifted  to 
low  angles  with  the  increase  of  Cu  content.  The  shifting  is 
expected  since  the  atomic  radius  of  Cu  (r=  128  pm)  is  bigger 
than  that  of  Ni  ( r=  124  pm)  [10].  The  alloy  formation  is  fur¬ 
ther  shown  in  Fig.  lb,  the  XRD  pattern  of  a  Nio.7Cuo.3-SDC 
cermet,  which  indicates  that  SDC  powder  did  not  separate  out 
CuO  and  NiO  when  both  Nii_*CuxOv  and  SDC  were  mixed 
and  ground  for  fuel  cell  processing.  Fig.  2  shows  the  cross- 
sectional  view  of  a  fresh  cell  with  a  Nio.sCuo.2-SDC  anode.  The 
anode  is  porous,  and  bonds  strongly  to  the  electrolyte.  No  cross¬ 
membrane  cracks  or  open  pores  were  revealed  in  the  electrolyte 
layer. 

Shown  in  Fig.  3  is  the  voltage  and  power  density  as  a 
function  of  current  density  for  cells  with  the  Nii_xCux-SDC 
anodes.  The  cells  were  operated  at  600  °C  with  humidified 
(3%  H2O)  hydrogen  as  the  fuel  and  stationary  air  as  the  oxi¬ 


Current  density(mA/cm2) 

Fig.  3.  Cell  voltage  (open  symbols)  and  power  density  (solid  symbols)  vs. 
current  density  for  cells  with  Nii_xCuA-SDC  anodes.  Measurements  were  con¬ 
ducted  at  600  °C  with  humidified  (3%  H2O)  hydrogen  as  the  fuel  and  stationary 
air  as  the  oxidant. 


dant.  The  I-V  relationships  gave  straight  lines  with  typical  open 
circuit  voltages  (OCVs)  for  cells  with  doped  ceria  as  elec¬ 
trolytes  [9,1 1-13].  The  maximum  power  densities  for  Ni-SDC, 
Nio.95Cuo.05- SDC,  Ni0.8Cu0.2-SDC  and  Nio.7Cuo.  3- SDC  sup¬ 
ported  cells  were  500, 570, 460  and  420  mW  cm-2,  respectively. 
It  is  clear  that  the  Nio.95Cuo.o5-SDC  supported  cell  shows  the 
highest  power  density  and  yields  improved  performance  com¬ 
pared  with  the  Ni-SDC  supported  cell.  This  result  is  consistent 
with  that  reported  by  Ringuede  et  al.  [14],  who  found  enhanced 
performance  of  Ni-based  anodes  with  small  amounts  of  Cu.  This 
Cu  addition  might  have  positive  effects  on  the  anodic  microstruc¬ 
tures  and  catalytic  activity.  It  can  also  be  seen  that  the  cell 
performance  decreases  when  the  Cu  content  exceeds  5%.  This 
is  possible  due  to  the  fact  that  the  catalytic  activity  of  Cu  is 
lower  than  that  of  Ni  for  the  electrochemical  oxidation  of  the 
fuel  [15]. 

Shown  in  Fig.  4  is  the  voltage  and  power  density  as 
a  function  of  current  density  for  Nii_xCux-SDC  supported 
cells  that  operated  at  600  °C  with  humidified  (3%  H2O) 
BPG  as  the  fuel.  OCVs  for  cells  with  Nio.95Cuo.o5-SDC, 
Nio.8Cuo.2-SDC  and  Nio.7Cuo.3-SDC  anodes  are  0.90, 0.89  and 
0.86  V,  respectively,  which  are  very  close  to  the  theoretical  val¬ 
ues  [2].  The  maximum  power  densities  for  Nio.95Cuo.o5-SDC, 
Nio.8Cuo.2-SDC  and  Nio.7Cuo.3-SDC  supported  cells  are  350, 
250  and  190mWcm~2,  respectively.  Comparing  Fig.  4  with 
Fig.  3,  it  can  be  seen  that  the  power  density  of  a  cell  with  BPG 
as  the  fuel  is  lower  than  that  of  the  same  cell  with  H2  as  the  fuel. 
Nevertheless,  the  cell  performance  decreases  with  the  increase  of 
Cu  content,  regardless  of  the  fuel  compositions.  Shown  in  Fig.  5 
are  electrode  impedance  spectra  measured  under  open  circuit 
conditions  for  Nii_xCux-SDC  supported  cells  using  humidi¬ 
fied  (3%  H2O)  BPG  as  the  fuel.  Area  specific  resistance  (ASR), 
which  is  the  difference  between  the  intercepts  on  the  real  axis 
at  high  and  low  frequency,  represents  the  cathode  and  anode 
contribution  to  the  interfacial  polarization  resistance.  As  shown 
in  Fig.  5,  ASRs  for  Nio.95Cuo.o5-SDC,  Nio.8Cuo.2-SDC,  and 
Nio.7Cuo..3-SDC  supported  cells  are  0.38, 0.73,  and  0.80  £2  cm2, 


Fig.  4.  Cell  voltage  (open  symbols)  and  power  density  (solid  symbols)  vs. 
current  density  for  cells  with  Nii-^Cu.v-SDC  anodes.  Measurements  were  con¬ 
ducted  at  600  °C  with  humidified  (3%  H2O)  BPG  as  the  fuel  and  stationary  air 
as  the  oxidant. 
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Fig.  5.  Electrode  impedance  spectra  measured  at  600  °C  in  open  circuit  con¬ 
ditions  for  Nii_ACuA-SDC  (x  =  0.05,  0.2,  0.3)  supported  cells  with  humidified 
(3%  H20)  BPG  as  the  fuel. 

respectively.  Since  the  cathodes  are  identical,  the  differences 
in  ASR  can  be  essentially  attributed  to  the  anode.  There¬ 
fore,  it  is  clear  that  the  interfacial  polarization  resistance  of 
Nio.95Cuo.o5-SDC  anode  is  the  lowest;  0.35  and  0.42  £2  cm2 
lower  than  that  of  Nio.sCuo.2-SDC  and  Nio.7Cuo.3-SDC,  respec¬ 
tively.  So  both  the  I-V  and  impedance  measurements  show  that 
the  cell  performance  decreases  when  more  Cu  is  added  to  the 
Ni-based  anodes  for  direct  utilization  of  BPG.  It  could  also  be 
attributed  to  the  relatively  lower  catalytic  activity  of  Cu  than  that 
of  Ni.  In  addition,  replacing  nickel  with  copper  might  change  the 
microstructure  of  the  Ni-based  anode  when  the  cell  is  fabricated 
with  a  co-firing  process.  As  shown  in  Fig.  4,  a  diffusion  limita¬ 
tion  is  obvious  for  the  Nio.7Cuo.3-S DC  supported  cell  while  it 
does  not  exist  for  Nio.95Cuo.o5-SDC  and  Nio.sCuo.2-SDC  sup¬ 
ported  cells,  implying  that  the  anode  porosity  decreases  with 
the  increase  in  Cu  content.  However,  when  H2  is  used  as  the 
fuel,  this  limitation  is  not  observed,  possibly  due  to  the  high  fuel 
loading. 

Shown  in  Fig.  6  are  the  power  densities  of  Nii_xC%-SDC 
(x  =  0, 0.05, 0.2,  and  0.3)  supported  cells  with  a  constant  cell  volt¬ 
age  of  0.5  V.  The  cells  were  operated  at  600  °C  with  humidified 


Fig.  6.  Power  densities  of  Nii_ACuA-SDC  (x  =  0,  0.05,  0.2,  0.3)  supported  cells 
that  operated  at  600  °C  with  a  fixed  cell  voltage  when  humidified  (3%  H20) 
BPG  was  used  as  the  fuel. 


BPG  as  the  fuel.  The  performance  of  the  Ni-SDC  supported  cell 
decreased  rapidly  with  time  and  the  power  density  was  only  50% 
of  the  initial  value  after  20  min.  It  should  be  noted  that  the  ini¬ 
tial  power  density  of  the  Ni-SDC  supported  cell  (200  mW  cm-2 
at  0.5  V)  was  lower  than  that  of  the  Nio.sCuo.2-SDC  supported 
cell  (250  mW  cm-2  at  0.5  V)  when  using  BPG  as  the  fuel,  while 
the  power  export  of  the  former  cell  was  higher  than  that  of  the 
Nio.8Cuo.2-SDC  supported  cell  when  using  H2  as  the  fuel.  This 
was  possibly  caused  by  rapid  deterioration  in  catalytic  activity  of 
the  Ni-SDC  anode  in  the  presence  of  BPG  considering  that  the 
data  was  recorded  30  min  after  the  fuel  was  switched  from  H2  to 
BPG.  Improvement  in  stability  was  achieved  by  partial  replac¬ 
ing  Ni  with  Cu.  When  5%  Ni  is  replaced,  the  exported  power 
decreased  only  3%  after  60  min,  and  20%  after  10  h.  Further, 
the  cell  could  maintain  90%  of  the  initial  power  density  over  a 
period  of  10  h  when  20%  and  30%  Ni  was  replaced,  respectively. 
The  results  show  that  it  is  very  effective  to  increase  the  stability 
of  a  fuel  cell  with  direct  utilization  of  BPG  by  adding  copper 
to  the  conventional  Ni-based  cermet  anode.  However,  further 
improvement  in  stability  is  required  for  commercial  usage  of 
SOFCs. 

Shown  in  Fig.  7  are  the  impedance  spectra  measured  at  600  °C 
under  open  circuit  conditions  for  the  Nio.sCuo.2-SDC  supported 
cell  before  and  after  1 1  h  operating  directly  with  humidified 
BPG  as  the  fuel.  The  electrolyte  resistance,  the  high  frequency 
intercept  at  the  real  axis,  did  not  change  with  time.  Meanwhile, 
the  electrode  polarization  resistance  decreased  0.08  Q  cm2  after 
1 1  h  testing  with  BPG.  Comparing  the  two  impedance  spectra 
for  the  polarization  resistance  it  could  be  found  that  the  low 
frequency  part  shrunk  after  the  test  whereas  the  high  frequency 
part  was  unchanged.  It  has  been  reported  that  the  anode  polar¬ 
ization  resistance  contributes  to  the  low  frequency  part  of  the 
impedance  measured  with  a  two-wire  configuration  [16].  Con¬ 
sequently,  the  anode  polarization  resistance  decreased  after  the 
test.  This  is  possibly  caused  by  the  formation  of  carbon  deposits, 
which  enhance  the  electronic  conductivity  of  the  anode.  The 
decrease  of  the  anode  polarization  resistance  as  an  effect  of  the 
carbon  deposition  has  been  well  described  by  Gorte  and  co¬ 
workers  [17],  who  have  reported  work  on  direct  utilization  of 
hydrocarbons  in  SOFCs.  Shown  in  Fig.  8  is  the  performance 


Fig.  7.  Impedance  spectra  measured  at  600  °C  under  open  circuit  conditions  for 
Nio.8Cuo.2-SDC  supported  cell  after  and  before  11  h  run  with  humidified  (3% 
H20)  BPG  as  the  fuel. 
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Fig.  8.  Cell  voltage  and  power  density  as  a  function  of  current  density  for 
Nio.8Cuo.2-SDC  supported  cell  with  humidified  (3%  H2O)  BPG  as  the  fuel. 
The  measurement  was  conducted  at  600  °C  before  and  after  the  cell  was  tested 
with  humidified  (3%  H2O)  BPG  as  the  fuel  for  1 1  h. 


of  the  Nio.8Cuo.2-SDC  supported  cell  with  BPG  as  the  fuel. 
The  data  was  obtained  before  and  after  1 1  h  test  with  BPG.  It 
is  obvious  that  diffusional  limitations  began  to  affect  the  cell 
performance  even  though  a  decrease  in  anode  polarization  resis¬ 
tance  was  observed  in  the  open  circuit  condition.  The  limitation 
must  have  been  caused  by  carbon  deposits,  which  subsequently 
blocked  the  anode  pores. 

Carbon  formation  on  the  Nio.8Cuo.2-SDC  anode  is  fur¬ 
ther  shown  in  Fig.  9a  and  b.  Fig.  9a  displays  the  surface 
microstructure  of  a  fresh  Nio.8Cuo.2-SDC  anode  and  Fig.  9b  the 
Nio.8Cuo.2-SDC  anode  that  has  been  tested  with  BPG  for  1 1  h. 
Isolated  deposits  could  be  found  on  the  surface  of  the  used  anode 
by  comparing  the  two  SEM  photos.  The  deposits  proved  to  be 
carbon  as  analyzed  with  elemental  dot  mapping.  Although  car¬ 
bon  deposits  were  still  found  on  the  Nio.8Cuo.2-SDC  anode,  the 
deposition  rate  was  significantly  reduced  compared  with  that  on 
a  Ni-SDC  anode.  Shown  in  Fig.  9c  and  d  are  the  SEM  graphs 
for  the  surface  microstructure  of  a  fresh  Ni-SDC  cermet  and 
a  Ni-SDC  anode  that  has  been  tested  with  BPG  for  20  min. 
The  particle  size  of  a  fresh  Ni-SDC  cermet  was  much  smaller 
than  that  of  a  fresh  Nio.8Cuo.2-SDC  though  they  were  fabri¬ 
cated  with  an  identical  process.  Further  particle  growth  of  the 
Nio.8Cuo.2-SDC  cermet  is  possibly  due  to  the  low  melting  point 
of  copper  oxides.  As  shown  in  Fig.  9d,  large  amounts  of  carbon 
deposits  were  formed  on  the  surface  of  Ni-SDC  anode,  which 
had  been  used  for  only  20  min  with  BGP  as  the  fuel.  The  car¬ 
bon  deposits  covered  almost  all  the  particles  of  the  anode  and 
formed  a  continuous  layer,  which  obstructed  gas  transportation 
and  thus  caused  a  diffusional  overpotential  for  the  anode.  This 
eventually  resulted  in  the  bad  performance  as  shown  in  Fig.  6. 
Comparing  Fig.  9b  with  Fig.  9d,  it  is  clear  that  carbon  depo¬ 
sition  has  been  substantially  suppressed  by  replacing  Ni  with 
a  Ni-Cu  alloy  containing  20%  Cu.  This  indicates  that  carbon 
deposition  is  more  likely  formed  as  an  effect  of  kinetics  than 
thermodynamics.  However,  when  biomass-produced  gases  and 
hydrocarbon  are  fed  directly  to  low-temperature  SOFCs  with¬ 
out  pretreatment,  the  Cu-Ni  bimetal  anode  has  to  be  modified 


Fig.  9.  SEM  micrographs  for  the  surface  microstructure  of  (a)  a  fresh 
Nio.8Cuo.2-SDC  cermet,  (b)  a  Nio.8Cuo.2-SDC  cermet  after  1 1  h  test  with  BPG 
as  the  fuel,  (c)  a  fresh  Ni-SDC  cermet  and  (d)  a  Ni-SDC  cermet  after  20  min 
test  with  BPG  as  the  fuel. 
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to  further  improve  its  activity  to  suppress  and/or  remove  carbon 
deposition. 

4.  Conclusion 

We  have  demonstrated  that  it  is  very  effective  to  increase  the 
stability  of  a  fuel  cell  with  direct  utilization  of  BPG  by  using 
Ni-Cu  alloy-based  anodes.  With  humidified  (3%  H2O)  BPG  as 
the  fuel,  the  power  density  of  a  Ni-SDC  supported  cell  was  only 
50%  of  the  initial  value  after  20  min,  while  Nio.8Cuo.2-SDC  and 
Nio.7Cuo.3-SDC  supported  cells  could  maintain  90%  of  initial 
power  density  over  a  period  of  10  h.  The  SEM  investigation 
indicates  that  carbon  deposition  has  been  substantially  sup¬ 
pressed  by  replacing  Ni  with  a  Ni-Cu  alloy.  In  addition,  the  I-V 
and  impedance  measurements  show  that  the  cell  performance 
decreased  with  the  increase  of  Cu  content  when  humidified  (3% 
H2O)  BPG  and  H2  were  used  as  the  fuel.  This  can  be  attributed 
to  the  relatively  lower  catalytic  activity  of  Cu  than  Ni.  Further 
work  will  focus  on  optimizing  the  performance  of  these  anodes. 
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